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(54) Diffractive spatial light modulator and display 



(57) A diflractivc spatial light modulator comprises 
an array ol pixels (40) which can be actively or passively 
addressed Each pixel comprises a material such as a 
ferroelectric liquid crystal addressed on one side by in- 
terdigitated elongate first and second electrodes (3a, 
3b). The interdigitated electrodes are connected to an 
address signal generator, such as a strobe signal gen- 
erator (43) and a cfcita signal generator (41 , 42). The ad- 



dress signal generator supplies signals which allow 
each pixel to be switched to any one of a non-di/fractive 
state and a plurality of different diffractive states of dif- 
ferent diffraction efficiencies. This may be achieved by 
varying the diffraction grating mark/space ratios. Alter- 
natively or additionally, the individual interdigitated elec- 
trodes may be controlled so as to allow non-periodic 
gratings to be written at each pixel. 
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Description 

The present invention relates to a diff ractive spatial 
light modulator and to a display incorporating such a 
modulator. Such a display may be ot the projection type 
and may be used to provide large screen TV viewing 
and business presentations. 

A spatial light modulator using ferroelectric liquid 
crystal technology is disclosed in a paper entitled "Dif- 
fractive Ferroelectric Liquid Crystal Shutters for Unpo- 
larised Light" by IvU. O'Callaghan and M.A. Handschy, 
Optics Letters. Volume 16 No.10, May 1995, pages 770 
to 772. The spatial light modulator disclosed in this pa- 
per is switchable between a first state in which it trans- 
mits incident light and a second state in which it acts as 
a phase diffraction grating. 

Another spatial light modulator is disclosed in a pa- 
per entitled "Improved Transmission in a Two-Level, 
Phase Only, Spatial Light Modulator" by M.A. A. Neal 
and E.G.S. Page, Electron. Lett. 30 (5) pages 465-466 
1994. This paper discloses a spatial light modulator 
which is switchable between a transmissive mode and 
a diff ractive mode in which alternative strips of the mod- 
ulator rotate unpolarised light by plus and minus 45 de- 
grees and an associated half wave retarder further ro- 
tates all the polarisation components of the light so as 
to provide phase-only modulation. 

Figures 1a and 1b of the accompanying drawings 
show a reflection-mode diff ractive spatial light modula- 
tor (SLM) of the type disclosed in GB 9611993.8. The 
SLM comprises a rectangular array of rectangular or 
substantially rectangular picture elements (pixels), only 
one of which is shown in Figures 1a and 1b. The SLM 
comprises upper and lower glass substrates 1 and 2. 
The upper substrate 1 is coated with a transparent con- 
ducting layer of indium tin oxide (ITO) which is etched 
to form elongate interdigitated electrodes 3. The elec- 
trodes 3 are covered with an alignment layer 4 for a fer- 
roelectric liquid crystal material. The alignment layer 4 
may, for example, be formed by obliquely evaporating 
silicon oxide at 84 degrees to the normal to the substrate 
1 so as to induce the C1 state in ferroelectric liquid crys- 
tal material, for instance of the type known as SCE8 
available from Merck, and may have a thickness of ap- 
proximately 10 nanometres. However, other types of 
alignment layer may be used and the C2 state may be 
used. 

A combined mirror and electrode 5 is formed on the 
glass substrate 2 by depositing silver to a thickness of 
approximately 100 nanometres. A static quarter wave- 
plate 6 is formed on the silver mirror and electrode 5. 
For example, this may be provided by spinning on a mix- 
ture of a reactive mesogen diacrylate such as that 
known , as RM258 in a suitable solvent such as chlo- 
robenzine with a photoinitiator This is cured for approx- 
imately ten minutes under ultraviolet light in an atmos- 
phere of nitrogen The thickness of the plate 6 is con- 
trolled, for instance by varying the mix ratios of the ma- 



terials and the spin speed, so that it acts as a quarter 
waveplate for a predetermined bandwidth in the visible 
spectrum, for instance centred about 633 nanometres. 
The thickness d is given by the expression 

5 

4An 

where X is the wavelength of the centre of the band and 

io An is the difference between the ordinary and extraor- 
dinary refractive indices of the material of the quarter 
waveplate 6. The quarter waveplate 6 therefore typically 
has a thickness of the order of 800 nanometres. 

A further alignment layer 7 is formed on the quarter 

1$ waveplate 6, for instance as described hereinbefore for 
the alignment layer 4. The substrates 1 and 2 are then 
spaced apart, tor instance by spacer balls of two mi- 
crometer diameter, and stuck together so as to form a 
cell which is filled with the ferroelectric liquid crystal ma- 

20 terial to form a layer 8. The spacing provides a layer of 
ferroelectric liquid crystal material which provides a half 
wave of retardation so that the liquid crystal layer acts 
as a half wave retarder whose optic axis is switchable 
as described hereinafter. In particular, the ferroelectric 

25 liquid crystal layer has a thickness d given by 



2An FLC 

30 

where An^c is the difference between the ordinary and 
the extraordinary refractive indices of the ferroelectric 
liquid crystal material. 

In order to optimise the brightness of the display, 
35 the reflectivity of each interface should preferably be re- 
duced, for instance by applying antireflection coatings 
to the substrate 1 and by optically burying the electrodes 
3. 

The electrodes 3 and 5 may be arranged to provide 

40 for suitable addressing of the pixels of the SLM. For in- 
stance, in a passive matrix addressing arrangement, the 
electrodes 3 may extend throughout the length of the 
SLM and may be connected to the outputs of a data sig- 
nal generator for supplying a row of pixel data at a time 

45 to the pixels. The electrode 5 may be extended trans- 
versely to form a row electrode connected to the output 
of a strobe signal generator for strobing the data to the 
SLM a row at a time in a repeating sequence. 

For each pixel, the electrode 5 acts as a common 

50 electrode which is connectable to a reference voltage 
line, for instance supplying zero volts, for strobing data 
to be displayed at the pixel. Alternate ones of the elon- 
gate electrodes 3 are connected together to form first 
and second sets of parallel interdigitated electrodes 

55 which are connected to receive suitable data signals. 
Each pixel is switchable between a reflective state and 
a diffractive state as described hereinafter. 

Figure 2 of the accompanying drawings illustrates 
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diagrammatically the operation of adjacent strips of the 
pixel shown in Figures 1a and 1b when the pixel is in 
the diffractive mode. The optical path through each pixel 
is folded by reflection at the mirror 5 but, for the sake of 
clarity, the path is shown unfolded in Figure 2. The SLM 
acts on unpolarised light, which may be split into com- 
ponents of orthogonal polarisations for the sake of de- 
scribing operation of the SLM. One of the component 
polarisations is shown at 1 0 in Figure 2 and is at an angle 
-<(> with respect to a predetermined direction 11 . 

Voltages which are symmetrical with respect to the 
reference voltage on the electrode 5 are applied to the 
first and second sets of alternating interdigitated elec- 
trodes 3a and 3b. Thus, ferroelectric liquid crystal ma- 
terial strips 8a and 8b disposed between the electrodes 
3a and 3b and the electrode 5 have optic axes aligned 
at angles of -9 and +6, respectively, with respect to the 
direction 1 1, where 0 is preferably approximately equal 
to 22.5 degrees. 

Each strip 8a of ferroelectric liquid crystal material 
acts as a half wave retarder so that the polarisation of 
the light component leaving the strip 8a is at an angle 
of <J>-20 with respect to the direction 11. The light com- 
ponent then passes through the static quarter waveplate 
6, is reflected by the mirror 5, and again passes through 
the static quarter waveplate 6, so that the combination 
of the quarter waveplate 6 and the mirror 5 acts as a half 
wave retarder whose optic axis is parallel to the direction 
11. The polarisation direction of light leaving the quarter 
waveplate 6 and travelling towards the ferroelectric liq- 
uid crystal material is "reflected 0 about the optic axis of 
the quarter waveplate 1 3 and thus forms an angle 20-$ 
with respect to the direction 11. The light component 
then again passes through the strip 8a of ferroelectric 
liquid crystal material so that the output polarisation as 
shown at 1 4 is at an angle of $-40 with respect to the 
direction 1 1 . Thus, for each input component of arbitrary 
polarisation direction -$, the optical path through the 
SLM via each of the strips.Sa of ferroelectric liquid crys- 
tal material is such that the polarisation direction is ro- 
tated by -40. This optical path therefore rotates the po- 
larisation of unpolarised light by -49, which is substan- 
tially equal to -90 degrees. 

Each strip 8b of ferroelectric liquid crystal material 
acts as a half wave retarder and rotates the polarisation 
direction to <|> + 29. The fixed half wave retarder formed 
by the combination of the quarter waveplate 6 and the 
mirror .5 rotates the direction of polarisation of the light 
component so that it makes an angle of -26-$ with re- 
spect to the direction 1 1 . The final passage through the 
strip 8b rotates the polarisation direction to $ + 49 as 
shown at 15. Light of the orthogonal polarisation has its 
polarisation rotated in the same way. Thus, unpolarised 
light passing through the strips 8b has its polarisation 
rotated by + 40, which is substantially equal to + 90 de- 
grees. 

Light reflected through each of the strips 8b is out 
of phase by 180 degrees with respect to light passing 



through each of the strips 8a when the electrodes 3b 
and 3a are connected to receive data signals of opposite 
polarity. In this state, the pixel acts as a phase-only dif- 
fraction grating and the pixel operates in the diffractive 
5 mode. Because of the bistable characteristics of ferro- 
electric liquid crystals, it is necessary only to supply the 
data signals in order to switch the strips 8a and 8b to 
the different modes illustrated in Figure 2. 

In order for the pixel to operate in the reflective 
10 mode, it is necessary to switch either or both sets of 
strips 8a and 8b so that their optic axes are parallel. Un- 
polarised light incident on the pixel is then substantially 
unaffected by the ferroelectric liquid crystal material and 
the quarter waveplate 6 and is subjected to specular re- 
'5 flection by the mirror and electrode 5. Each pixel is 
therefore switchable between a transmissive mode, in 
which light is specularly reflected or "diffracted" into the 
zeroth diffraction order, and a diffractive mode, in which 
light incident on the pixel is diffracted into the non-zero 
diffraction orders. 

Such a diffractive SLM can be used with unpolar- 
ised light and provides increased optical modulation ef- 
ficiency compared with SLMs which require polarised 
light. 

Figure 3 of the accompanying drawings illustrates 
a projection display using an SLM 30 of the type shown 
in Figures 1a and 1b. The SLM 30 is illuminated by an 
unpolarised light source 31 via a mirror 32. A projection 
optical system 33 projects an image displayed by the 
SLM 30 onto a screen 34. 

Light from the light source 31 is reflected by the mir- 
ror 32 so as to be incident normally on the SLM 30. Each 
pixel which is in the reflective mode reflects the incident 
light normally back to the mirror 32 so that the reflected 
light is not projected by the system 33. Thus, a "dark" 
pixel is imaged on the screen 34 by the system 33. Each 
pixel in the diffractive mode deflects the incident light 
into the non-zero diffraction orders, mainly into the pos- 
itive and negative first orders as illustrated by light rays 
35 and 36. The light from each such pixel is thus imaged 
to a "bright" pixel on the screen 34. 

Figures 4a and 4b illustrate a transmissive-mode 
diffractive SLM including a glass substrate 1, ITO elec- 
trodes 3, and a glass substrate 2 as shown in Figures 
la and 1 b. The SLM further comprises two ferroelectric 
liquid crystal layers 20 and 21 provided with alignment 
layers similar to the layers 4 and 7 of Figures 1 a and 1 b 
but not shown for the sake of clarity. The two liquid crys- 
tal cells are separated by a static half waveplate 22. The 
arrangement of the strip electrodes 3 permits the forma- 
tion of optically aligned ferroelectric liquid crystal strips 
in the two layers 20 and 21 so that each strip in each of 
the layers 20 and 21 operates as a half wave retarder 
whose optic axis is switchable between plus and minus 
approximately 22.5 degrees with the optic axes of 
aligned strips in the two layers 20 and 21 being parallel 
to each other. This device therefore acts a transmissive 
SLM in which each pixel is switchable between a reflec- 
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tive mode, in which light passes through the pixel with- 
out deflection (equivalent to zeroth order diffraction), 
and the diffractive mode, in which light is deflected into 
non-zero diffractive orders. By disposing all of the opti- 
cally active layers between the substrates 1 and 2, par- 
allax errors are greatly reduced allowing the provision 
of a high resolution SLM with a useful acceptance angle 
for input light and with high optical modulation efficiency 
and high contrast ratio performance. 

EP 0 378 293 discloses a passively addressed fer- 
roelectric liquid crystal display of non -diffractive type. 
Driving techniques are disclosed for switching the gaps 
between pixels so as to improve the effective aperture 
ratio and the contrast ratio. 

Asakura and Oka (NTT), Opt. Lett. 17/5/1992, pp 
366 et seq, "Stripe Electrodes for an Electrically Con- 
trolled Grey Scale in Ferroelectric Devices" discloses a 
ferroelectric liquid crystal display of non -diffractive type 
in which one set of electrodes is stripped. This reduces 
the sharpness of the switching curve and permits grey 
levels to be provided. 

Van Haaren et al (Phillips), Liquid Crystals 
16/5/1994. pp 735 et seq. "Switching on stray electric 
fields in ferroelectric liquid crystal cells' discloses a fer- 
roelectric liquid crystal display of non diffractive type. 
Fringing fields are used so as to simulate a black matrix 
in such displays 

Nordm et al "Applied Optics" Vol. 34, No. 19, 
1/7/95, pp 3756-3763 disclose a diffractive, reflective 
liquid crystal display consisting of a liquid crystal layer 
disposed aoove an electrode layer. The electrode layer 
defines pixels in the liquid crystal layer, with each pixel 
being divided into a number of partial pixels. Each partial 
pixel contains two sets of parallel, interdigitated elec- 
trodes. The two sets of electrodes are disposed in the 
same plane and in use a voltage is applied between 
the two sets of electrodes so as to generate fringe fields 
within the liquid crystal layer The fringe fields alter the 
orientation of the liquid crystal molecules and thereby 
modulate the refractive index of the liquid crystal so as 
to set up a phase diffraction grating in the liquid crystal 
layer. The efficiency of the diffraction grating formed in 
a partial pixel is dependent on the voltage applied be- 
tween the two sets ol electrodes in that particular partial 
pixel. 

A similar device is disclosed in Kowel et al, SPIE, 
Vol. 2651 , pp 56-67 

In these devices, however the refractive index of 
the liquid crystal layer is modulated by the fringe electric 
field, and this is an in-plane electric field. This prior art 
device is therefore unsuitable for use with binary liquid 
crystals such as ferroelectric liquid crystals. 

According to a first aspect of the invention, there is 
provided a diffractive spatial light modulator comprising: 
a plurality of picture elements, each of which comprises 
a plurality of first elongate parallel electrodes, a plurality 
of second elongate parallel electrodes interdigitated 
with the first electrodes, and a third electrode facing the 



first and second electrodes; and an address signal gen- 
erator connected to the first and second electrodes and 
arranged to supply addressing signals for selectively 
switching each picture element to any one of a non-dif- 

s tractive state and a plurality of diffractive states of dif- 
ferent diffraction efficiencies. 

Such an arrangement allows grey levels to be 
achieved in a diffractive spatial light modulator. Grey lev- 
els can be provided using binary switching, for instance 

10 of bistable liquid crystal material, in a robust and reliable 
manner. By providing at least some grey levels in this 
way, techniques known as "temporal dithering' to pro- 
vide grey scale can be reduced or eliminated so that ma- 
terial switching speed requirements are reduced. Pas- 

15 sive matrix or active back plane matrix addressing tech- 
niques may be used. For instance, in the case of a re- 
flection mode modulator the temperature of the reflec- 
tive or back surface of the modulator can be accurately 
controlled and this improves the grey level performance 

20 j n terms of repeatability and consistency of addressed 
grey levels. 

Each of the picture elements may comprise a layer 
of electro-optic material. 

Each of the picture elements may comprise a layer 
2S of liquid crystal material, such as a bistable material, for 
instance ferroelectric liquid crystal, antiferroetectric liq- 
uid crystal, or bistable twisted nematic liquid crystal. 

Each picture element may form a phase-only dif- 
fraction grating in the diffractive states. 
30 Each picture element may comprise parallel strips 
which are aligned with the first and second electrodes 
and which are switchable between first and second 
states whose optical paths differ by n radians. 

The mark/space ratio of the grating formed by each 
55 picture element may be different for at least some of the 
diffractive states. The first electrodes of each picture el- 
ement may be connected together and the second elec- 
trodes of each picture element may be connected to- 
gether. 

40 The picture elements may be arranged as rows and 
columns, the first electrodes of the picture elements of 
each column may be connected together and to a data 
signal generator of the address signal generator, the 
second electrodes of the picture elements of each col- 

45 umn may be connected together and to the data signal 
generator, and the third electrodes of the picture ele- 
ments of each row may be connected together and to a 
strobe signal generator of the address signal generator 
The data signal generator may be arranged to supply 

so different data signals to the first and second electrodes 
of each column so as to select the diffractive states of 
different diffraction efficiencies. In one embodiment, the 
different data signals may have different amplitudes. In 
another embodiment, the different data signals may 

ss have different phases with respect to strobe signals from 
the strobe signal generator In a further embodiment, the 
different data signals may comprise pulses of different 
widths. 
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The grating formed by each picture element in at 
least some of the diffraclive states may be non-periodic. 
At least some of the first and second electrodes of each 
picture element may be connected to the address signal 
generator independently of each other. s 

The picture elements may be arranged as rows and 
columns, the first electrodes of all of the picture ele- 
ments may be connected together, the second elec- 
trodes of all of the picture elements may be connected 
together, the third electrode of each picture element may 10 
be connected to an output of a gate having a data input 
and a control input, the data inputs of the gates of each 
column of picture elements may be connected together 
and to a data signal generator of the address signal gen- 
erator, and the control inputs of the gates of each row is 
of picture elements may be connected together and to 
a strobe signal generator of the address signal genera- 
tor Each of the gates may comprise a thin film transistor. 

According to a second aspect of the invention, there 
is provided a display comprising a modulator according 20 
to the first aspect of the invention, a light source for illu- 
minating the modulator, and an optical system for gath- 
ering light from at least one non-zeroth diffraction order. 

The light source may be arranged to supply unpo- 
lariscd light to the modulator. 25 

The invention will be further described, by way of 
example, with reference to the accompanying drawings, 
in which: 

Figure 1 a is an exploded view of a spatial light mod- 30 
ulatorof known type; 

Figure 1b is a cross sectional diagram of the mod- 
ulator of Figure 1a; 

35 

Figure 2 is a diagram illustrating operation of the 
modulator of Figures 1a and 1b; 

Figure 3 is a schematic diagram of projection dis- 
play using a modulator of the type shown in Figures *o 
1a and 1b; 

Figure 4a is an exploded view of another spatial 
light modulator of known type; 

45 

Figure 4b is a cross sectional diagram of the mod- 
ulator of Figure 4a; 

Figure 5 is a diagrammatic plan view of a spatial 
light modulator constituting an embodiment of the so 
invention; 

Figure 6 is a schematic diagram of the pixel array 
of Figure 5 illustrating examples of waveforms; 

55 

Figure 7a illustrates a known set of addressing 
waveforms; 



Figure 7b illustrates three types of addressing 
waveforms which may be used in the modulator of 
Figure 5; 

Figure 8 is a cross sectional diagram of a pixel il- 
lustrating operation to achieve a "white" level; 

Figure 9 is a diagrammatic cross section of a pixel 
illustrating operation to achieve a "grey" level by 
mark/space ratio modulation; 

Figure 10 is a graph of efficiency against mark/ 
space ratio obtained by calculation; 

Figure 11 is a diagrammatic plan view of a spatial 
light modulator constituting another embodiment of 
the invention; 

Figure 12 illustrates non-periodic gratings which 
may be formed at each pixel of the modulator of Fig- 
ure 11; 

Figure 13 is a graph of efficiency in arbitrary units 
for combinations of states of ferroelectric liquid 
crystal strips of the pixels of Figure 1 1 with the com- 
binations numbered in order of increasing efficien- 
cy; 

Figure 14 is a diagrammatic plan view of a spatial 
light modulator constituting a further embodiment of 
the invention; 

Figure 15 is a cross sectional diagram of a pixel of 
the modulator of Figure 14 illustrating operation to 
achieve a "white" level; and 

Figure 16 is a cross sectional diagram of a pixel of 
the modulator of Figure 14 illustrating operation to 
achieve a "grey" level. 

Like reference numerals refer to like parts through- 
out the drawings. 

Figure 5 of the accompanying drawings shows an 
SLM 30 comprising pixels such as 40 of the type shown 
in Figures 1 a and 1 b. The SLM comprises a rectangular 
array of pixels in a passive matrix addressing arrange- 
ment. In particular, the first data electrodes 3a extend 
throughout the pixel columns with the first electrodes of 
each column being connected together and to a respec- 
tive output of a data signal generator 41 Similarly, the 
second data electrodes 3b extend throughout the pixel 
columns and the second data electrodes of each column 
are connected together and to a respective output of a 
data signal generator 42. The third or strobe electrodes 
5 extend throughout rows of pixels and are connected 
to a strobe signal generator 43. 

The data signal generators 41 and 42 are effectively 
two parts of a common data signal generator but are ; 
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shown as physically distinct items for clarity of illustra- 
tion in Figure 5. The data signal generators 41 and 42 
may be located on opposite sides of the array of pixels 
for convenience of electrode connections, in particular 
so as to allow all of the first and second electrodes 3a 
and 3b to be connected to data signal generator outputs 
in a common plane while maintaining symmetrical elec- 
trical characteristics. Alternatively, a single data signal 
generator may be provided at one side, such as the top, 
of the array of pixels. The data signal generators 41 and 
42 and the strobe signal generator 43 together consti- 
tute an address signal generator. A first input 44 re- 
ceives a signal representing images to be displayed and 
is connected to the data signal generators 41 and 42. A 
second input 45 receives timing signals and is connect- 
ed to the data signal generators 41 and 42 and to the 
strobe signal generator 43 for controlling the timing of 
refreshing of the pixels with fresh image data. The image 
data may, for instance, comprise serial data in the form 
of an analogue video signal or a digital video signal and 
are entered a row at a time in the data signal generators 
41 and 42. After each row of fresh image data has been 
entered in the data signal generators, the strobe signal 
generator 43 supplies a strobe signal to the row of pixels 
to be refreshed. The row of image data is thus entered 
simultaneously in the row of pixels. This operation is re- 
peated for each row in sequence until the whole image 
frame has been refreshed. The whole procedure is then 
repeated for each frame of image data 

Figure 6 shows the array of pixels of Figure 5 with 
typical data and strobe signal waveforms. These are of 
the type used in the JOERS/Alvey addressing scheme 
as disclosed in P.W.H. Surguy etal, Ferroetectrics 122, 
63, 1 991 , the contents of which are hereby incorporated 
by reference, and are illustrated in Figure 7a. Alterna- 
tively, the Malvern scheme may be used as disclosed in 
j.R. Hughes, E.P. Raynes, Liquid Crystals 13, 597, 1993, 
the contents of which are hereby incorporated by refer- 
ence. As shown in Figure 6, the strobe signals supplied 
in sequence to the strobe electrodes 5 comprise a blank- 
ing pulse for resetting all of the pixels of the row to a first 
state followed by a strobe pulse as illustrated at 46 in 
Figure 7a. The first and second data electrodes 3a and 
3b receive bipolar data pulses as illustrated at 47 in Fig- 
ure 7a. The ferroelectric liquid crystal is operated in a 
binary mode i.e. it is switched between two well-defined 
states/and is bistable in that it remains in either binary 
state after removal of the strobe signal. The data signals 
comprise switching and non-switching pulses which 
combine with the strobe pulses to form a switching or 
non -switching electric field across each pixel as illustrat- 
ed at 48 and 49, respectively, in Figure 7a. Thus, ferro- 
electric liquid crystal which has applied across it an elec- 
tric field with the switching waveform is switched from 
the state to which it was blanked by the preceding blanks 
ing pulse to the other binary stable state. On the other 
hand, ferroelectric liquid crystal across which the elec- 
tric field having the non-switching waveform is applied 



remains in the state to which it was switched by the pre- 
ceding blanking pulse. 

Figure 7b illustrates three types of modified JOERS/ 
Alvey type waveforms which may be used to address 

5 grey levels in the SLM 30 of Figure 5. The data signals 
labelled V2 and V1 are supplied to the first and second 
electrodes 3a and 3b, respectively. Waveforms for 
achieving a fully diffracting (white) pixel state, a partially 
diffracting (grey) pixel state, and a zero- or non-diffract- 

10 ing (black) pixel state are shown. 

The top row of waveforms achieves grey levels by 
varying the voltage or amplitude of the data signals on 
one of the first and second electrodes 3a and 3b and 
corresponds to the waveforms shown schematically in 

J5 Figure 6. Thus, in order to select a typical grey level, the 
data signal V1 supplied to the first electrodes 3a and 
shown at 55 is the same as that shown at 56 for achiev- 
ing full diffraction whereas the data signal V2 supplied 
to the second electrodes 3b and shown at 57 is of re- 

20 duced amplitude compared with that shown at 58 for 
achieving full diffraction. 

The middle row of waveforms achieves grey levels 
by varying the phase of at least one of the data signals 
with respect to the strobe signals. For instance, in order 

25 to select a typical grey level, the' phase of the data volt- 
age V2 is varied as shown at 59. 

The bottom row of waveforms achieves grey levels 
by varying the pulse widths of the data signals. For in- 
stance, in order to select a typical grey level, the pulses 

30 of the data signal V2 shown at 60 are of reduced width. 
Figure 8 illustrates switching ot the ferroelectric liq- 
uid crystal layer to a diffractive state, for instance as dis- 
closed in G8 9611993.8. The data signals supplied to 
the first electrodes 3a and to the second electrodes 3b 

35 of the pixel have the same magnitude but are of opposite 
polarity The strips 8a of ferroelectric liquid crystal below 
the first electrodes 3a are thus switched to a first of the 
binary bistable states whereas the strips 8b of ferroe- 
lectric liquid crystal below the second electrodes 3d are 

40 switched to the other state. The first and second elec- 
trodes 3a and 3b are of substantially constant pitch and 
substantially constant width so as to provide symmetri- 
cal switching such that the ferroelectric strips 8a and 8b 
are of substantially the same width. A phase-only dif- 

45 fraction grating is thus formed with a constant spatial 
pitch a mark/space ratio of 1. A grating having a mark/ 
space ratio of 1 gives maximum efficiency of diffraction 
of light away from the zeroth diffraction order into the 
non-zero diffraction orders. In particular, the maximum 

50 theoretical efficiency of diffraction into one of the two first 
diffraction orders is 40.5 percent. 

Figure 9 illustrates the effect of applying data sig- 
nals to the first and second electrodes of different mag- 
nitudes such that the data pulses applied to the first etec- 

55 trodes 3a are of smaller magnitude than the data pulses 
applied to the second electrodes 3b! In this case, the 
ferroelectric strips 8a are narrowerthan the ferroelectric 
strips 8b. Thus, a phase-only diffraction grating having 
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the same constant spatial pitch as that illustrated in Fig- 
ure 8 is formed. However, the mark/space ratio of the 
grating shown in Figure 9 is different from one. Because 
the grating is of the phase-only type, the mark/space 
ratio may be taken as the ratio of the width of each region 
8a to the width of each region 8b or as the ratio of the 
width of each region 8b to the width of each region 8a. 
The diffraction efficiency of the grating is therefore re- 
duced compared with that of a grating having a mark/ 
space ratio of 1 . The efficiency of diffraction into one of 
the first orders is plotted against mark/space ratio in the 
graph of Figure 10. 

Providing the data pulse voltages are such that the 
switching angle of the ferroelectric liquid crystal is close 
to maximum, the relative magnitudes of the data voltag- 
es applied to the first and second electrodes 3a and 3b 
can be varied so that the fields between the interdigitat- 
ed first and second electrodes and the electrode 5 vary 
the position of domain walls, such as 50, while maintain- 
ing binary switching of the ferroelectric liquid crystal. 

The voltages of the data signals are chosen so as 
to ensure reliable mark/space adjustment while main- 
taining an operating point inside a drive window such 
that discrimination between switching and non-switch- 
ing data signals is preserved. For a modulator of the typo 
described hereinbefore with reference to Figures 1 a and 
1 b, the amplitude of typical data signals would be be- 
tween 8 and 1 2 volts for a strobe signal voltage of 20 to 
25 volts, although exact values depend on various pa- 
rameters such as the actual liquid crystal material used 
and the number of grey levels required. 

By varying the mark/space ratio of the grating, the 
efficiency of diffraction into the first orders varies as il- 
lustrated in Figure 10 (the calibrations on the vertical 
axis should be multiplied by 100 to give efficiency in per 
cent). It is thus possible to provide several grey levels 
while using binary switching of the ferroelectric liquid 
crystal between uniform states. This has substantial ad- 
vantages in terms of temperature stability of addressing 
grey levels compared with other known techniques re- 
quiring partial (i.e. non-binary) switching, for which so- 
phisticated temperature compensation schemes are 
necessary. This allows the use of binary bistable mate- 
rials such as ferroelectric liquid crystals, which have 
several advantages for high brightness projection dis- 
plays of the type shown in Figure 3, such as in-plane 
switching and inherent bislability which can lead to bet- 
ter diffraction grating fidelity. 

In order to maintain DC balance of the waveforms 
applied to each ferroelectric liquid crystal strip, each 
frame of image data may be applied twice in sequence 
with the polarities of all data and strobe signals being 
inverted for the second application of the imago data. 
Inverting the states of all ferroelectric liquid crystal strips 
8a and 8b has no effect on the displayed image because 
dark pixels are achieved where all strips are in the same 
state and non-dark states are achieved where the strips 
are in different states. For a given switching speed of 



the ferroelectric liquid crystal, this halves the effective 
video frame rate of the display. To avoid such halving of 
the maximum frame rate, consecutive image frames 
may be displayed with strobe and data signals of oppo- 
5 site polarities. This does not provide absolutely accurate 
DC balancing but generally achieves adequate results 
so as to avoid degradation of the ferroelectric liquid crys- 
tal. 

Figure 11 illustrates another passively addressed 
to embodiment which differs from that shown in Figure 5 
in that it has a modified form of connection of the first 
and second data electrodes 3a and 3b. In this embodi- 
ment, the first electrodes 3a of each column of pixels 
are not connected together but instead are individually 
connected to respective outputs of the data signal gen- 
erator 41. Similarly, the individual second data elec- 
trodes 3b are individually connected to respective out- 
puts of the data signal generator 42. The states of all of 
the ferroelectric strips 8a and 8b may therefore be inde- 
nt? pendently controlled and this allows the pixels to be 
switched to form non-periodic gratings as illustrated at 
51 and 52 in Figure 12. 

Where each pixel has a total of n first and second 
interdigitated electrodes 3a and 3b, there are 2 n combi- 
2S nations of states for the ferroelectric liquid crystal strips 
8a and 8b (the two states are indicated by shading and 
lack of shading in Figure 12). These correspond to dif- 
fraction gratings of different efficiencies. For the case 
where n is 6 giving sixty four combinations, the diffrac- 
30 tion efficiencies obtained for all such combinations are 
illustrated in increasing order of efficiency in the graph 
of Figure 13. The efficiency is given relative to maximum 
efficiency which, as described hereinbefore, is an abso- 
lute efficiency of 40.5 percent into each first diffraction 
35 order for a grating as illustrated in Figure 8 with alternate 
ferroelectric liquid crystal strips in different states with a 
mark/space ratio of 1 i.e. the finest pitch periodic grating 
achievable for that electrode arrangement. This "most 
efficient" pixel state is labelled 63 on the horizontal axis 
40 in Figure 13. 

The diffraction efficiencies illustrated in Figure 13 
provide reasonable continuity of grey levels and permit 
a large number of grey levels to be addressed reliably. 
Discontinuities may be substantially overcome by using 
45 fewer grey levels or by increasing the number of inter- 
digitated first and second electrodes per pixel. Because 
this technique does not rely on fringe field switching as 
does the mark/space ratio modulation technique dis- 
closed hereinbefore, more reliable grey level perform- 
so ance may be achieved. However, the number of drivers 
in the data signal generators 41 and 42 is increased be- 
cause each first and second electrode requires an indi- 
vidual driver so that the number of drivers is increased 
by a factor of n/2. 
55 It is also possible to combine the mark/space ratio 
modulation technique with the non-periodic grating 
technique so as to increase further the number of relia- 
bly addressable grey levels. 
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The active addressing techniques disclosed in GB 
9702076.2 (the contents of which are incorporated here- 
in by reference) may be used in place of the passive 
addressing technique described hereinbefore. For in- 
stance, the grating mark/space ratio may be modulated 
by varying the voltages on the pixel pads. 

Figure 14 illustrates the electrode structures of an 
SLM 30 having active matrix addressing. The address 
generator is not shown in Figure 14 for the sake of clar- 
ity. The top substrate carries two sets of interdigitated 
transparent electrodes 3a and 3b t for instance made of 
indium tin oxide (ITO). The electrodes 3a and 3b are 
elongate or strip-shaped and are parallel with each oth- 
er. The electrodes of each set are connected together 
and are interdigitated with the electrodes of the other 
set so that only two connections are required to the top 
substrate. 

The bottom substrate carries a rectangular array of 
pixel electrodes such as that shown at 5. As shown in 
Figure 14, each pixel electrode 5 faces a plurality of the 
interdigitated transparent electrodes 3a and 3b. An ac- 
tive matrix addressing scheme is provided for individu- 
ally controlling the pixel electrodes 5 and a pixel element 
of the addressing arrangement is shown diagrammati- 
cally to an enlarged scale at 61 . In the arrangement il- 
lustrated, each pixel electrode 5 is connected to the 
source of a thin film transistor (TFT) in the form of a pixel 
field effect transistor (FET). Each FET acts as a gate for 
the associated pixel The pixels are arranged as rows 
and columns with the drains of the transistors of each 
column being connected to a respective column or data 
electrode 62 connected to a data signal generator (not 
shown) and the gates of the transistors of each row be- 
ing connected to a respective row or scan electrode 63 
connected to a strobe signal generator (not shown). The 
pixels are thus enabled one row at a time so that image 
data for a complete row are written simultaneously. The 
addressing arrangement illustrated schematically in 
Figure 14 is thus of the conventional dynamic random 
access memory (DRAM) type and may, for instance, be 
fabricated on a silicon bottom substrate (in the case of 
a reflective display) or in the form of silicon on glass (for 
a transmissive display). The addressing arrangement 
may thus be substantially conventional and may be fab- 
ricated using substantially conventional techniques. 

Figures 15 and 16 illustrate the cross-sectional 
structure and operation of each pixel of the SLM 30 
shown in Figure 14. The electrodes 3a and 3b are con- 
nected to receive fixed but different voltages V2 and V1 , 
respectively. The pixel electrode 5 receives a voltage 
Vpad from tne actrve matrix addressing circuitry which 
determines the optical state of the pixel. Figure 15 illus- 
trates the application of a voltage to the pixel electrode 
5 which is midway between the voltages V1 and V2 on 
the interdigitated electrodes 3a and 3b. In this mode of 
ope ration , the strips 8a and 8b are fully switched so that 
the pixel behaves as described hereinbefore with refer- 
ence to Figure 8. 



Figure 1 6 illustrates operation of the pixel for a pixel 
electrode voltage V pad which is less than the average of 
the voltages V1 and V2 on the interdigitated electrodes 
3a and 3b Operation in this state provides a grey level 

s because the pixel operates as a diffraction grating hav- 
ing the same constant pitch as that illustrated in Figure 
15 but of reduced efficiency of diffraction. In this case, 
the electric field applied across the strips 8b of FLC is 
sufficient to switch fully the optic axis of the material to 

10 one of its stable states. However, the strips 8a of FLC 
experience a reduced field which, it is believed, results 
in two coupled effects giving rise to the reduced diffrac- 
tion efficiency. The first effect is that the domain walls 
such as 50 are displaced so as to provide a diffraction 

?5 grating whose mark/space ratio is different from one. 
The second effect is that the applied electric field is in- 
sufficient to saturate the switching of the optic axis which 
therefore undergoes a reduced switching angle as illus- 
trated at 65. Thus, the difference in phase between light 

20 passing through the strips 8a and tight passing through 
the strips 8b is different from n radians, which reduced 
the efficiency of diffraction. 

In the case of an FLC it is believed that the first effect 
- the movement of the domain walls - is more important 

2S than the second effect (that is, the reduced switching 
angle of the optic axis of the FLC). 

An FLC is generally described as a "bistable" ma- 
terial. However, as can be seen from the discussion of 
Figure 16 above, the FLC in Figure 16 is not acting as 

30 in a true bistable manner since it has access to more 
than two stable states. The additional constant voltage 
drive provided by the pixel electrodes 5 allows access 
to a range of switching angles for the optic axis of the 
FLC around the switching angles for the two bistable 

35 states illustrated in Figure 15. The word "bistable" as 
used in the specification and claims is not limited to the 
"true bistable" behaviour in which the optic axis can be 
oriented only in one of the two directions illustrated in 
Figure 15; the term "bistable" as used in this application 

^0 js intended also to cover the "modified bistable" behav- 
iour illustrated in Figure 16 in which there is additional 
voltage dependent phase control around the two bista- 
ble states. 

The active matrix embodiment illustrated in Figures 
45 14 to 16 uses an FLC. However, other bistable liquid 
crystal materials could be used in place of an FLC. For 
example, the liquid crystal layer could consist of an an- 
tiferroelectric liquid crystal material (AFLC). In the case 
of an AFLC, controlling the voltage V pad applied to the 
so pixel electrodes 5 enables the efficiency of the diffrac- 
tion grating to be controlled in a manner similar to the 
FLC case described above. Varying the voltage applied 
to the pixel electrodes will give rise to the two effects 
described above which influence the diffraction efficien- 
ts cy of the diffraction grating - that is, movement of the 
domain walls 50 to alter the mark/space ratio of the dif- 
fraction grating, and a reduction in the switching angle 
of the optic axis of the.liquid crystal molecules. However, 
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use of an AFLC provides an additional benefit, namely CI 
that of stable domain switching operation. Asa result of 
domain averaging, a greater range of effective grating 1. 
phase depths can be achieved. The effect on the diffrac- 
tion grating efficiency of domain switching is believed to s 
be more important than effects due to varying the mark/ 
space ratio of the grating or of varying the switching an- 
gle. 

The alignment direction of the AFLC mode is pref- 
erably perpendicular to the grating so that domain 10 
growth fronts are parallel to the grating electrodes 3a, 
3b. In this way, as the voltage applied to the pixel elec- 
trodes 5 is increased, the domain growth acts to modify 
both the depth of the grating and subsequently the grat- 
ing mark/space ratio. The AFLC is preferably a thresh- is 
oldless AFLC, in which the voltage - transmissivity rela- 
tionship does not exhibit the typical hysteretic loop. 2. 

It is also possible to use an AFLC in a passively ad- 
dressed modulator. In this case, the more typical hys- 
teretic AFLC voltage - transmissivity relationship is re- 20 
quired. (The use of a AFLC having such a voltage - 3. 
transmission characte ristic with a holding voltage to pro- 
vide passive matrix operation is known). In the case of 
a modulator of the present invention, this voltage de- 
pendent characteristic allows the diffraction grating ef- 2S 4. 
ficiency to be controlled as a result both of variations in 
the grating phase depth, owing to domain growth, and 
of variations in the mark/space ratio of the diffraction 5. 
grating as described above. 

A modulator of the present invention can also be 30 
embodied using a bistable twisted nematic liquid crystal 6. 
(BTN) in an active matrix driving mode. For example, a 
cholesteric doped nematic liquid crystal material having 
a pitch of roughly twice the cell gap in an anti-parallel 
aligned cell produces a splayed 180° twist state, and 35 7. 
two splay - free metastable states with 0° and 360° twist. 
The two metastable states provide a bistable mode of 
operation for the liquid crystal. The liquid crystal can be 
switched between the metastable states by applying, 8. 
firstly, a reset pulse which produces a temporary home- 40 
otropic state, followed by a select pulse to select one of 
the two metastable states. Varying the voltage magni- 
tude and temporal duration of these pulses allows the 
mark/space ratio of the diffraction grating defined in the 9. 
liquid crystal to be controlled, in a manner similar to the ' 45 
FLC and AFLC embodiments described above. 

The present invention could also be embodied us- 
ing a BTN liquid crystal addressed in a passive matrix . 
manner. 

SLMs having grey scale capability as disclosed so 10. 
hereinbefore have many applications in addition to use 
in displays, for instance of the type shown in Figure 3. 
For instance, such SLMs may be used to perform beam 
steering as disclosed in GB 9616190.6. 

55 11. 



A diffractive spatial light modulator comprising: a 
plurality of picture elements (40), each of which 
comprises a plurality of first elongate parallel elec- 
trodes (3a), a plurality of second elongate parallel 
electrodes (3b) interdigitated with the first elec- 
trodes (3a) and a third electrode (5) facing the first 
and second electrodes; and an address signal gen- 
erator (41 , 42) connected to the first and second 
electrodes (3a, 3b) and arranged to supply address- 
ing signals for selectively switching each picture el- 
ement (40) to any one of a non-diffractive state and 
a plurality of diffractive states of different diffraction 
efficiencies. 

A modulator as claimed in Claim 1 , in which each 
of the picture elements comprises a layer of electro- 
optic material (20, 21). 

A modulator as claimed in Claim 1 or 2, in which 
each of the picture elements comprises a layer of 
liquid crystal material. 

A modulator as claimed in Claim 3, in which the liq- 
uid crystal material is bistable. 

A modulator as claimed in Claim 4, in which the liq- 
uid crystal material is a ferroelectric liquid crystal. 

A modulator as claimed in Claim 4, in which the liq- 
uid crystal material is an antiferroelectric liquid crys- 
tal. 

A modulator as claimed in Claim 4, in which the liq- 
uid crystal material is a bistable twisted nematic liq- 
uid crystal. 

A modulator as claimed in any one.of the preceding 
claims, in which each picture element forms a 
phase-only diffraction grating in the diffractive 
states. 

A modulator as claimed in Claim 8, in which each 
picture element comprises parallel strips which are 
aligned with the first and second electrodes and 
which are switchable between first and second 
states whose optical, paths differ by n radians. 

A modulator as claimed in Claim 8 or 9, in which the 
mark/space ratio of the grating formed by each pic- 
ture element are different for at least some of the 
diffractive states. 

A modulator as claimed in Claim 10, in which the 
first electrodes of each picture element are connect- 
ed together and the second electrodes of each pic- 
ture element are connected together. 
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12. A modulator as claimed in Claim 10 or 11, in which 
the picture elements are arranged as rows and col- 
umns, the first electrodes of the picture elements of 
each column are connected together and to a data 
signal generator of the address signal generator, 
the second electrodes of the picture elements of 
each column are connected together and to the da- 
ta signal generator and the third electrodes of the 
picture elements of each row are connected togeth- 
er and to a strobe signal generator of the address 
signal generator. 



21 . A display comprising a modulator as claimed in any 
one of the preceding claims, a light source for illu- 
minating the modulator, and an optical system for 
gathering light from at least one non-zeroth diff rac- 

5 Won order. 

22. A display as claimed in Claim 21 , in which the light 
source is arranged to supply unpolarised light to the 
modulator. 

10 



13. A modulator as claimed in Claim 12, in which the 
data signal generator is arranged to supply different 
data signals to the first and second electrodes of '5 
each column so as to select the diff ractive states of 
different diffraction efficiencies. 

14. A modulator as claimed in Claim 13, in which the 
different data signals have different amplitudes. 20 

15. A modulator as claimed in Claim 13, in which the 
different data signals have different phases with re- 
spect to strobe signals from the strobe signal gen- 
erator. 25 

16. A modulator as claimed in Claim 13, in which the 
different data signals comprise pulses of different 
widths. 

30 

17. A modulator as claimed in any one of Claims 8 to 
10, in which the grating formed by each picture el- 
ement in at feast some of the diffractive states is 
non-periodic. 

35 

18. A modulator as claimed in Claim 17, in which at 
least some of the first and second electrodes of 
each picture element are connected to the address 
signal generator independently of each other. 

40 

19. A modulator as claimed in Claim 10 or 11, in which 
the picture elements are arranged as rows and col- 
umns, the first electrodes of all of the picture ele- 
ments are connected together, the second elec- 
trodes of all of the picture elements are connected 45 
together, the third electrode of each picture element 

is connected to an output of a gate having a data 
input and a control input, the data inputs of the gates 
of each column of picture elements are connected 
together and to a data signal generator of the ad- so 
dress signal generator, and the control inputs of the 
gates of each row of picture elements are connect- 
ed together and to a strobe signal generator of the 
address signal generator. 

55 

20. A modulator as claimed in Claim 19, in which each 
of the gates comprises a thin film transistor. 
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(54) Diff ractive spatial light modulator and display 

(57) A diffractive spatial light modulator comprises 
an array of pixels (40) which can be actively or passively 
addressed. Each pixel comprises a material such as a 
ferroelectric liquid crystal addressed on one side by in- 
terdigitated elongate first and second electrodes (3a, 
3b). The interdigitated electrodes are connected to an 
address signal generator, such as a strobe signal gen- 
erator (43) and a data signal generator (41 , 42). The ad- 
dress signal generator supplies signals which allow 
each pixel to be switched to any one of a non-diflractive 
state and a plurality of different diffractive states of dif- 
ferent diffraction efficiencies. This may be achieved by 
varying the diffraction grating mark/space ratios. Alter- 
natively or additionally, the individual interdigitated elec- 
trodes may be controlled so as to allow non-periodic 
gratings to be written at each pixel. 
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